A three-step sandwich enzyme-linked immunosorbent assay was developed for the detection of avian oncovirus group-specific (gs) antigens. The assay procedure was to coat the wells of microtitre plates with hamster anti-gs lgG, react with crude or purified antigen and finally with hamster anti-gs lgG linked to horseradish peroxidase. The sensitivity was 8 picograms (pg) of input avian myeloblastosis virus (AMV) protein, with negligible background. As the ELISA takes less than 2 h to perform, large-scale screening for infected birds is feasible. A blocking assay was also developed for detecting anti-gs antibodies by adding unlabelled antiserum after the antigen step.
INTRODUCTION
An assortment of biological and immunoassays have been used for the examination of avian leukosis sarcoma viruses (ALSV). These techniques include complement fixation (Huebner et al. 1963) , immunodiffusion (Berman & Sarma, f965; Roth & Dougherty, 1969) , radioimmunoassay (Vaheri & Ruoslahti, ; 973; Chen & Hanafusa, 1974) and several infectivity assays (Sarma et al. I964; Rispens et al. 197o; Okazaki et al. 1975) . The enzymelinked immunosorbent assay (ELISA) has been used for the detection of several viruses (Voller et al. ~976; Wolters et al. 1976; Saunders et al. 1977; Mills et al. 1978) . This paper describes adaptation of the ELISA to the detection of ALSV group-specific antigens.
METHODS

Antiserum.
Hamster antiserum against ALSV group-specific (gs) antigens was obtained by subcutaneous injection of newborn Syrian hamsters with the Schmidt-Ruppin B strain of Rous sarcoma virus (SR-RSV). Animals bearing turnouts after 3 months were bled and the sera screened for antibodies to ALSV gs antigens by complement fixation as previously described (Roth & Dougherty, T969) .
Preparation of peroxidase-lgG (POG) conjugate. Antisera with a complement fixation (CF) titre of 32o were pooled and the IgG was isolated by precipitation with 35 % saturated ammonium sulphate as described by Williams & Chase (1967) . The final precipitate was resuspended in distilled water, dialysed against o-~ M-acetate buffer, oH 5"o, and applied to a 2"5 × lop cm column of Sephadex G-2oo equilibrated with acetate buffer. The pooled IgG fractions were concentrated to t'6 mg protein/ml by ultrafiltration. A portion of the purified IgG was reserved for use as coating antibody, and the remainder was covalently coupled to horseradish peroxidase (Sigma, type VI) by the method of Nakane & Kawaoi oo22-I317/8o/0ooO-39t85o2.00 © I98o SGM (I974). This peroxidase-IgG conjugate (POG) contained 2.1 mg protein/ml with an average composition of two peroxidase molecules per IgG molecule, as determined by differential spectrophotometric absorption at 280 and 4o3 nm (Sternberger, I974) . For control tests, IgG and POG were prepared in an identical manner from a pool of nonimmune hamster serum.
Viruses. Avian myeloblastosis virus (AMV) in the form of infected chicken plasma was obtained from Dr J. Beard. The F42 strain of subgroup A avian leukosis virus (ALV) and the Schmidt-Ruppin B strain of avian sarcoma virus were derived from infected chick embryo fibroblast cell cultures, as described previously (Dougherty & DiStefano, I966) .
The human papovavirus BKV (RF), isolated as described previously (Dougherty & DiStefano, 1974) , was harvested from human embryonic kidney tissue culture and used without further purification. Herpes simplex virus, grown in HeLa cell cultures, was used similarly. The Moloney strain of murine leukaemia virus was obtained from Dr J. B. Moloney.
Purification of virus. AMV was purified from viraemic chicken plasma by a sequence of centrifugations adapted from Kacian (~978). All steps were done at 4 °C. The plasma was first clarified by spinning at Iooo g for Io rain, then 2oooo g for 2o rain. Virus was concentrated by centrifuging through a Iayer of 2o% (w/v) sucrose in Tris-EDTA (TE) buffer (o-ol M-tris, O'OOI M-EDTA, pH 8"o) on to a cushion of 65% sucrose in TE buffer for 2 h at 96ooog. Sedimentation velocity centrifugation through a 2o to 60% linear sucrose gradient was performed for I h at 960oo g and the virus band collected. Finally, the band collected in the previous step was centrifuged to equilibrium by diluting it to 2o Yo sucrose with TE buffer and applying to the top of a 24/33/42/5I/6O~o discontinuous sucrose gradient. After 4 h at 9oooog, the band between densities of I'15 and i.J 7 g/ml was collected and frozen at -60 °C. Virus was thawed as needed and disrupted by shaking in 3 vol. of ether, which was evaporated before use. The protein concentration of this preparation was 3 mg/ml, as determined by the Hartree modification of the Lowry assay (Hartree, ~972).
Cell cultures. Chick embryo cell cultures were prepared as described previously (Weyl & Dougherty, ~977) from C/O, gs-negative embryos obtained either from SPAFAS, Inc. Norwich, Conn. or Life Sciences, Inc. St Petersburg, Fla. The gs-positive chick embryo fibroblasts, line I, were obtained from Dr L. N. Payne. Each cell line was derived from a single embryo and was stored frozen in liquid nitrogen. Cells were infected with either ALV-F42 or SR-RSV and after reaching confluency at 4 or 5 days of growth were extracted with ether and frozen at -60 °C. The growth of human embryonic kidney cells, and RSV and papovavirus-transformed cell lines, has been described previously (Dougherty, I976). The ceils were processed for testing by ether extraction.
Infection of chick embryos. SPAFAS embryos were infected intravenously at I4 to I5 days of development with lO s infectious units of ALV-F42. Serum collected from chickens 3 and 12 weeks after hatching was used to infect chick embryo fibroblast cell cultures and the cells so infected were assayed for virus by the COFAL method (Sarma et al. I964) .
The presence of virus in both blood samples was taken to indicate persistent viraemia. Eggs from viraemic hens were collected and examined, and antigen was extracted from tissues of these animals by the technique of Strand & August 0974). (I976), was employed. Dilutions of unlabelled hamster anti-gs IgG were made in o.l Mbicarbonate buffer, pH 9"5, and 5o/~1 samples were added to the wells of polystyrene microtitre plates (Linbro no. IS-MRC-96). The plates were sealed and incubated overnight at 4 °C. The wells were washed three times for 3 rain with buffer composed of o'15 M-NaC1, o.oz M-phosphate, pH 6-8 and 0"05 % Tween-So (PBS-Tween). Dilutions of antigen in the PBS-Tween buffer were added to the wells in z5/d amounts and maintained at room temperature for 3o rain. The wells were washed as before, and z 5 / d of a suitable dilution of POG in PBS-Tween were added to each well for 25 rain at room temperature. Originally, 3o #g/ml of normal hamster IgG was added to the conjugate to reduce non-specificity. It was later noted that the addition of pig serum to a concentration of 2 ~o served equally well and this was adopted as the standard procedure. Another washing sequence was followed by the addition of Ioo #1 of peroxidase substrate, composed of o'ooI M-H202 and o'ooI M-o-dianisidine in o.I M-citrate buffer, pH 5"4. The reaction was allowed to proceed for 6o rain and then was stopped by the addition of IOO #1 of o'5 M-NaOH. The reaction product was measured spectrophotometrically at 46o nm. ELISA blocking test. Inhibition of binding of conjugate was employed to detect antibodies against ALSV antigens. Polystyrene plates were sensitized with 250 ng/well of hamster anti-gs IgG in 5o #1 coating buffer, as described in the preceding section. After washing 3 x 3 rain with PBS-Tween, the plates were reacted with 25/zl of a 30 ng/ml solution of AMV protein, washed again and treated for 3o rain at room temperature with dilutions in PBS-Tween buffer of anti-gs serum from chickens or hamsters. A wash sequence was then followed by addition of 25 #1 of a 4o #I/ml solution of hamster anti-gs POG. The remaining steps of the standard ELISA procedure were then carried out.
Complement fixation (CF) tests.
RESULTS
Standardization of reagents
Chequerboard titrations with coating antibody, AMV antigen and POG were carried out to determine the optimal concentrations of reagents. Maximum sensitivity with the least non-specific reaction was obtained with 20 #g/ml of coating IgG and 4 ° #g/ml of POG with 2% pig serum. Under these conditions background was regularly less than o.olo absorbance units. The antigen titre was arbitrarily defined as that concentration of antigen yielding AA~6o per 60 rain of o.o25 with these concentrations of coat and POG. This conforms to the practice of giving significance to readings in which the signal to noise ratio is greater than 2 : J (Saunders et al. I977). Fig. I illustrates the background and titre of a standard dose-response curve. Serial ~o-fold dilutions of AMV antigen were measurable from more than 3 × 1o4 ng protein/ml to less than 3 × lo ~ ng protein/ml. The latter concentration represents the titre, which corresponds to 8 pg of input antigen per test well. The reaction is linear over a four-log range and has virtually no background. The identical reagents used in the standard complement fixation assay give an endpoint with 5"3 × Io2 ng ofAMV protein/ml.
Controls'
The specificity of the ALSV gs antigen ELISA is illustrated by the control reactions summarized in Table I . For the assays in the table, microtitre plates were sensitized with 20/Lg/ml of unlabelled hamster anti-gs IgG and after the addition of sample, were reacted with 4 o/~g/ml of hamster anti-gs POG. A reaction of o.lzo was obtained in the complete reaction with 3 ° ng/ml of extracted AMV antigen (Table i a) .
To determine if the ELISA was specific for avian gs antigen, a series of antigen controls was examined (Table i b). Since AMV was isolated from viraemic chicken plasma, a logical control on the standard reaction was to test uninfected tissue culture grade chicken serum. The reaction was negative at a serum dilution of 1/5. A selection of viruses was also tested for possible reactivity. No significant binding was found with 25/~l amounts of tissue culture fluids containing BKV (RF), a human polyoma virus or herpes simplex virus. The mammalian RNA tumour virus Moloney murine leukaemia virus, which has no established immunological similarity with avian retroviruses, was also non-reactive.
The activity of the immune reagents was then tested by a group of antiserum controls (Table I c). Substitution reactions were used to detect possible non-specific binding activity of proteins present in the IgG fraction of hamster serum. Normal hamster IgG at the same concentrations as anti-gs lgG was used as a coating material, or linked to peroxidase for a control POG. These non-immune preparations were substituted for immune products at the appropriate steps in the test. Reactivity of both alternatives was insignificant.
Another test of reagent specificity was a blocking experiment. Unlabelled hamster anti-gs Fig, 2 . ELISA blocking tests. Microtitre plates were sensitized with zo ~g/ml of hamster anti-gs IgG followed by 3o ng/m[ of AMV protein. The sensitized plates were treated for 3o rain with dilutions of test sera, followed by 4o/~g/ml of POG, The % inhibition results were the average of triplicate samples and were calculated from the formula given in the text. 0, Hamster antisera; ©, non-immune hamster sera; ~k, chicken antisera; &, non-immune chicken sera. The complement fixation (CF) or complement fixation inhibition (CFI) titres of the antisera are shown on the figure. serum diluted J/2ooo was added between the antigen and conjugate steps. Subsequent alterations in the peroxidase reactions were noted and compared to the unblocked asse.y. Immune serum substantially decreased the POG binding, while neither non-immune hamster serum nor pig serum had any effect on the reaction. This inhibitory activity of immune sera forms the basis of the blocking assay for the titration of antibodies to gs antigens described later.
The final controls were a set routinely performed with each assay (Table I d) . Included were wells with coat and POG (no antigen), antigen and POO (no coat) and POG alone. The first of these consistently yielded the highest spectrophotometric values of the negative controls and was used as the indicator of non-specific binding.
The effect of high concentrations of tissue extract on the ELISA test was examined. Dilutions of AMV proteins were made either in a suspension of 5 mg/ml of lyophilized BKV (RF)-transformed hamster cells in PBS-Tween or in PBS-Tween alone. The results of duplicate'ELISA tests on each dilution with and without added non-specific tissue extract are given in Table 2 . No significant alteration of sensitivity or specificity was observed.
Blocking assay
As described in methods, plates were sensitized as for the sIandard ELISA, then treated with a high dilution of AMV (3o ng protein/ml) so that small changes in POG binding <0"3 I'O-2'3 2"2-3"2 3"7-5'3 <0"3 1'3-2'7 1"9-3"2 3"5-5"4 < o'3 l-o-2'6 I "9-2"9 3"7-4"2 < 0"3 I "4-2"6 1-6-2"2 2"6-3"3 <0"3 <0"0-1'3+ + I'0-2"9 1"7-4'3 <0'3 <0'0 I"6-3"2 2'0-5"7 Table 4 would be detectable. Results were expressed as the % inhibition, which was calculated as:
The data in Fig. 2 illustrate that, as with the direct ELISA test, the ELISA blocking assay is more sensitive than the corresponding complement fixation assay for detection of antibody. In this case the two hamster antisera tested had CF titres of i6oo and 6oo, while ELISA blocking activity was demonstrable at dilutions /> 1/6ooo. Two chicken antisera with complement fixation inhibition (CFI) titres of 3 2 and 64 effectively blocked POG binding at /> I/~6o and /> 1/32o respectively. Non-immune chicken and hamster sera diluted I/Io and I/2o gave less than 1% inhibition.
Detection ofAL V antigen in clinical specimens
Several representative avian materials were examined for the presence of gs antigen by the ELISA and CF tests (Table 3 )-The uninfected samples were from non-viraemic birds and were negative by COFAL tests for infectious ALV. Infected samples were obtained from chickens which had been inoculated as embryos with the F42 strain of lymphoid leukosis virus and demonstrated continuing viraemia. All tissues examined from both groups contained detectable gs antigen, although the infected tissues had from loo-to 1ooo-fold higher titres. 2 "9 3 -o 3"5 5"3 3"4 4"7 2"9 4"7 3"5 5-0 289 sampling of commercial eggs (Table 4 ) yielded a consistently low incidence of positives with the exception of one source (G). It is of interest to note that this supplier was the local' natural' foods store.
Examination of cell lines
A variety of avian and mammalian cell lines were tested for gs antigens (Table 5 ). Each cell line was shown to be free of infectious ALV by COFAL test. All chick embryo fibroblast cultures examined gave ELISA-positive reactions, including four lines testing as gs-negative by complement fixation. These data confirm the results of Vaheri & Ruoslahti 0973) and Chen& Hanafusa 0974), who employed radioimmune assays to demonstrate the presence of group-specific antigens of the endogenous retrovirus in both gs-positive and 'gs-negative' avian tissues. To date we have found no ELISA-negative chick embryo fibroblast cultures. Line I, which was g3-positive by CF was as expected strongly positive by the ELISA. After 5 days of incubation with io s infectious units of ALV, both gs + and 'gs-' cell lines were highly reactive. Group-specific antigens were detected in rat and hamster cells transformed by Rous sarcoma virus but not in cells of the same species transformed by the DNA virus, BKV (RF). Uninfected human embryonic kidney cells were also negative.
DISCUSSION
The ALSV group-specific antigen ELISA test was developed using hamster sera raised against SR-RSV-induced tumours. These sera have been shown to be a potent source of immunological reactivity to the avian oncovirus structural gs proteins (Sarma et aL I964) . Consequently, a semi-purified avian oncovirus, in this case AMV, was chosen as a convenient source of antigen with which to perfect the assay. The sensitivity of the ELISA was illustrated by detection of AMV protein at concentrations of o'3 ng/ml, representing approximately 8 pg input protein per test well. The same antigen gave a CF test endpoint wit~ 53o ng/ml of AMV protein. These data indicate that the sensitivity of the ELISA is equal to or greater than radioimmunoassays for avian gs antigen (Vaheri & Ruoslahti, I973 ; Chen & Hanafusa, I974).
